Natural deep eutectic solvents (NADES) are promising green solvents for the extraction of compounds from natural products. This is the first study to use a sample preparation method based on NADES for the extraction of flavonoids (rutin, hesperidin, neohesperidin, naringenin, naringin, quercetin, hesperetin, and chrysin) from fruits, vegetables, and spices. In total, 17 types of NADES based on choline chloride, acetylcholine chloride, choline tartrate, betaine, and carnitine with different compositions were tailored to test their extraction efficiency. Operational conditions such as water content in NADES and liquid/solid ratios were also studied. A response surface methodology was used for multivariate optimization of some extraction parameters. Efficient recovery of extracted flavonoids (higher than 70%) was achieved using a 30% water solution of acetylcholine chloride/lactic acid ratio (2:1) as an extraction solvent. Other conditions for SLE-NADES were as follows: liquid/solid ratio 3:1, extraction temperature 60°C, extraction time 30 min, and stirring speed 1400 rpm. Each extract was analyzed by UHPLC with UVand MS/ MS detection. The developed method was applied for analysis of flavonoids in fruits (cranberry, fruits of Lycium barbarum L., grape, plum, and orange peel), vegetables (onion and broccoli), and spices (mustard, rosemary, and black pepper).
Introduction
Plants are potential sources of natural bioactive compounds such as secondary metabolites and antioxidants. Secondary metabolites are chemicals produced by plants whose functions in growth, photosynthesis, reproduction, and other primary processes are not yet fully understood. Flavonoids and phenolic acids are the most important groups of secondary metabolites and bioactive compounds in plants (Kim et al. 2003a; Ghasemzadeh and Ghasemzadeh 2011) . Natural antioxidants such as phenolic acids and flavonoids are increasingly attracting attention because of their natural qualities as disease-preventing, health-promoting, and anti-aging substances (Saxena et al. 2012) . Antioxidants may reduce oxidative damage induced by free radicals and reactive oxygen species under oxidative stress conditions in humans. Moreover, wellknown and traditionally used natural antioxidants from tea, wine, fruits, vegetables, and herbs have already been exploited commercially either as antioxidant additives or as nutritional supplements (Pandey and Rizvi 2009; Lobo et al. 2010) .
Sample preparation is the first step in analysis of plants, because the desired chemical components must be extracted from the herbal materials for further separation and characterization (Sasidharan et al. 2011; Locatelli et al. 2012) . Plant metabolites may differ in their polarities, stabilities, boiling points, and quantities. The wide range of polarities and physical properties of natural compounds makes a one-step, single solvent extraction process for all metabolites from biomass virtually impossible (Kerton 2009 ). Solvents of different polarities are needed for extraction, separation, and purification of medicines. Solvents such as alcohols, chloroform, and ethyl acetate are commonly used for this purpose. However, organic solvents are often toxic, flammable, explosive, and poorly biodegraded. Thus, development of new sample-preparation techniques for extraction and analysis of plant compounds are necessary to ensure that high-quality herbal products are available for consumers worldwide (Huie 2002; Diuzheva et al. 2017) . Advances that are needed include reduction in organic solvent consumption and sample degradation, elimination of additional sample clean-up and concentration steps before chromatographic analysis, ease of automation, and improvement in extraction efficiency, selectivity, and/or kinetics.
To address these problems, alternative solvents are required which are biodegradable, have low toxicity, and at the same time are able to dissolve a broad range of compounds of different polarities. In 2003, Abbott et al. presented a new class of solvents-deep-eutectic solvents (DES). A DES is a mixture of two or more compounds with a melting point lower than its individual components that includes both a quaternary ammonium salt as a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD) that associate with each other by hydrogen bonding (Abbott et al. 2003; Francisco et al. 2013 , Shishov et al. 2017 . Recently, Dai et al. (2013) reported the preparation of several DES reagents of natural origin termed natural (Dai et al. 2013; Choi et al. 2011) . These solvents have the following environmental and economic advantages: they are non-volatile, have a low toxicity, are biodegradable, sustainable, and inexpensive, and are made using simple preparation methods. They also show very good physicochemical properties: liquid state below 0°C, adjustable viscosity, a broad range of polarities, and ability to dissolve a wide range of compounds (Paiva et al. 2014; Faggian et al. 2006; Dai et al. 2015) . NADES therefore have good potential for the extraction of valuable secondary metabolites for use in the food and pharmaceutical industries. Recently, NADES have been applied for extraction of flavonoids (Wei et al. 2015a; Radošević et al. 2016; Bakirtzi et al. 2016; Dai et al. 2016 ), alkaloids, phenolic acids, anthraquinones, saponins (Duan et al. 2016 , phenolic compounds (Wei et al. 2015b) , xanthonoids (Mulia et al. 2015) , rutin (Huang et al. 2017) , flavonoid glycosides, and aglycones (Zhuang et al. 2017 ) from plant materials. The mentioned publications describe the extraction of flavonoids other than those described in our research and the application of different NADES solvents for sample preparation. Moreover, NADES extraction has never been applied to cranberry, fruits of Lycium barbarum L., grape, plum, orange peel, onion, broccoli, mustard, rosemary, and black pepper. The number of reports on application of DES for extraction of natural products is limited, and the efficiency of NADES for extraction of other types of active natural compounds remains unknown.
As there is insufficient knowledge concerning NADES, research is needed to provide a better understanding of the interactions and complex nature of NADES compositions, as well as their applicability for extraction of biologically active compounds from plant material.
In spite of the advantages of NADES, to the best of our knowledge, no extraction procedure based on these solvents has been reported for the determination of selected flavonoids in food samples. Thus, the main purpose of this work is utilization of NADES in a solid-liquid extraction method (SLE-NADES) for rutin, hesperidin, neohesperidin, naringenin, naringin, quercetin, hesperetin, and chrysin from fruits (cranberry, fruits of Lycium barbarum L., grape, plum, and orange peel), vegetables (onion and broccoli), and spices (mustard, rosemary, and black pepper).
Materials and Methods

Chemicals and Reagents
Flavonoid standards, including rutin (RUT), hesperidin (HSD), neohesperidin (NHSD), naringenin (NAR), naringin (NARG), quercetin (QUE), hesperetin (HST), and chrysin (CHS) (IS, internal standard), were purchased from SigmaAldrich (St. Louis, MO). HPLC grade acetonitrile (ACN) and trifluoroacetic acid (TFA) were obtained from Merck (Darmstadt, Germany). Double-distilled water obtained from a laboratory purification system was used in all experiments. Analytical grade methanol, hydrochloric acid, and ammonia were purchased from Stanlab (Lublin, Poland). Choline chloride, citric acid, choline bitartrate, betaine, D,L-malic acid, L(+)-tartaric acid, L-lactic acid, chlorocholine chloride, acetylcholine chloride, and D,L-carnitine hydrochloride were purchased from Alfa Aesar (Lancashire, UK).
Individual standard stock solutions of flavonoids (1 mg/mL) were prepared in methanol and stored in dark flasks at 4°C. 
Plant Material
The selected fruits (cranberry, fruits of Lycium barbarum L., grape, plum, and orange peel), vegetables (onion and broccoli), and spices (mustard, rosemary, and black pepper) were purchased from a supermarket in Gliwice, Poland, in 2017. After the samples were cleaned with tap water, the plant material was powdered. The edible part of the plants was used for investigation. Samples were dried to constant weight using a WPS 30S moisture analyzer (RADWAG, Radom, Poland) . Dried plants were milled, packed in paper bags, and stored at ambient temperature for 4-5 months before use.
Synthesis of Natural Deep Eutectic Solvents
Natural deep eutectic solvents can be prepared according to several known procedures (Dai et al. 2013; Bajkacz and Adamek 2017) . However, ultrasound-assisted synthesis of NADES, described below, is easier and more effective than previously reported procedures.
A two-or three-component mixture with a calculated amount of deionized water was added to a glass vial sealed with a screw-cap and exposed to ultrasound (37 kHz, 30 W) at 50°C until a homogeneous liquid was formed (10-15 min). Seventeen different NADES systems with two or three components were obtained and examined. Table 1 shows the composition, molar ratios, and symbols of NADES used in this study. Five HBAs were tested: choline chloride, chlorocholine chloride, acetylcholine chloride, betaine, and carnitine. HBAs were mixed with various types of HBD (citric acid, malic acid, tartaric acid, and lactic acid) at different molar ratios.
Natural Deep Eutectic Solvent Microextraction Procedure
A selection process was performed to select the best experimental conditions for microextraction of flavonoids. Factors such as the type of NADES components, water content in NADES, and the ratio of NADES volume to sample amount were studied. Vortex time, speed, and temperature were optimized with the help of a response surface methodology (RSM) design.
A powdered mustard sample (used as a blank sample due to its low flavonoid content) spiked with a known amount of compounds was used to select the extraction procedure. Mustard samples were dried to a constant weight using a WPS 30S moisture analyzer (RADWAG, Radom, Poland). The samples used for selection of the NADES extraction procedure were spiked with flavonoids. Fortified samples were left to stand at room temperature for 48 h before analysis. The concentration of flavonoids in all procedures was 10 μg/g, and each experiment was performed three times.
For method optimization, a real sample (onion) was treated as the fortified mustard sample described above to mimic the real extraction process. In this way, mass transfer is taken into account in addition to the solubility of the fortified compounds. Finally, dried plant material (200 mg) was mixed with 600 μL of natural deep eutectic solvent (NADES) and stirred at 60°C for 45 min at 1400 rpm in an Eppendorf tube using a thermomixer comfort (Eppendorf AG, Hamburg, Germany). The mixture was then centrifuged at 2000×g for 5 min in an IKA mini G centrifuge (IKA, Staufen, Germany), and 300 μL of the liquid supernatant was moved to another tube. The solutions were then diluted 1:1 with methanol and centrifuged for 5 min at 2000×g. All extractions were performed in triplicate.
Additionally, the sample preparation procedure was compared with conventional extraction approaches based on shaking the sample with methanol and water at 60°C for 45 min at 1400 rpm.
The extraction efficiency of the proposed NADES procedure was also compared with that of the UAE-NADES method. Plant material (200 mg) was extracted with 600 μL NADES solvent in an ultrasonic bath at 60°C for 45 min using 700 W (Sonorex Digital 10P, Bandelin Electronic). The extract was centrifuged and diluted as described above.
Development of NADES Extraction Procedure
Central composite design (CCD) was used to find the optimal values for three independent variables (extraction time, temperature, and stirring speed) and identify interactions between variables. The matrix design included 18 experiments to evaluate factors, including four replicates at the center point to evaluate experimental error. Experiments were performed in a random order to avoid the effects of extraneous variables. The center values were 39 min for extraction time, 45°C for extraction temperature, and 768 rpm for stirring speed. Preliminary experiments allowed us to identify the model variables at five coded levels: −α (= − 1.68), − 1, 0, + 1, and +α (= + 1.68). Model adequacy and significant terms were examined using analysis of variance (ANOVA) combined with Fisher's statistical test (p < 0.05) (Statistica 12 software, StatSoft, Poland).
Instrumentation and Chromatographic Conditions
UHPLC-UV Analysis
Chromatography was performed on an UHPLC system (Merck Hitachi, Germany) with a model L-2160U binary pump, a model L-2350U column oven, a model L-2200, and a model L-2400U UV detector. EZ Chrom Elite System Manager software was used for control and data handling.
Separation was carried out on a Poroshell 120 EC-C18 analytical column (100 mm × 3.0 mm; 2.7 μm, Agilent Technologies, USA). The column temperature was maintained at 25°C. Analysis was performed with gradient elution using (A) ACN and (B) 0.05% TFA in water as the mobile phase. The gradient program was as follows: linear gradient from 20% A to 60% A in 6 min, increased to 75% A in 1 min, changed to 20% A immediately, and held at 20% A for 3 min to equilibrate the column. The flow rate was 1 mL/min. The injection volume was 2 μL. For quantitative analyses, selective detection was performed at λ = 254 nm for RUT, QUE, and CHS and at λ = 285 nm for NARG, NAR, HSD, NHSD, and HST. Flavonoids were analyzed using UHPLC-UV. Identified polyphenols were quantified with their respective standard calibration curves.
UHPLC-MS/MS Analysis
For confirming molecule identity, UHPLC-MS/MS analysis was performed on a Dionex UHPLC system (Dionex Corporation, Sunnyvale, CA, USA) coupled with an AB Sciex Q-Trap® 4000 mass spectrometer (Foster City, CA, USA). Chromatographic separation was performed using the column and gradient elution program described above, except without TFA in the mobile phase because it suppresses ionization in the negative ion mode. Instead, 0.1% formic acid (FA) in water was used for MS/MS acquisition.
MS/MS conditions were applied as described previously (Magiera et al. 2012) . A mass spectrometer with a TurboIonSpray source was run in negative ion mode (ion spray voltage IS = − 4000 V; source temperature T = 550°C; nebulizer gas GS1 = 50 psi; turbo heater gas GS2 = 50 psi; curtain gas CUR = 20 psi). Analyses were performed using multiple reaction monitoring (MRM) mode (Table 2) . UHPLC-MS/MS was used to confirm the qualitative identification of flavonoids in fruit, vegetable, and spice samples.
Results and Discussion
Chromatographic Separation
The chromatographic conditions were selected to obtain better separation of analytes in shorter times. First, different types of columns were studied: Zorbax RRHD SB-C18 (50 mm × 2.1 mm, 1.8 μm), Poroshell 120 EC-C18 (100 mm × 3.0 mm, 2.7 μm), and Hypersil GOLD™ (100 mm × 2.1 mm, 1.9 μm). Effective separation of analytes was achieved on the Poroshell 120 EC-C18 column; therefore, this column was selected as the analytical column. Next, different mobile phase compositions were tested to achieve satisfactory analyte resolution. Given that the retention time of the aglycone of flavonoids (QUE, NAR, HST, and CHS) was longer than that of the glycosides (RUT, NARG, HSD, and NHSD) because of its higher polarity, a gradient elution method was applied. Different mobile phase compositions, including ACN-H 2 O and MeOH-H 2 O, with different gradient elution programs were compared. Additionally, different mobile phase additives were tested, such as TFA, acetic acid, and FA. The flavonoids could be resolved with a mobile phase of 0.05% trifluoroacetic acid in water and acetonitrile under the gradient program described in Section UHPLC-UV Analysis. The flow rate was maintained at 1 mL/min during analysis. The resulting gradient elution method had baseline resolution of all compounds within 10 min. Column temperature was maintained at 25°C, and injection volume was 2 μL. Based on the ultraviolet (UV) spectra of the analyzed compounds, detection wavelengths of 254 and 280 nm were chosen. As shown in Fig. 1 , good chromatographic elution of flavonoids was obtained under these conditions.
Selection of NADES Extraction Parameters
In this section, eight flavonoids were chosen as the variables for selecting NADES-based extraction parameters. These representative components included four flavonoid glycosides (rutin, naringin, hesperidin, and neohesperidin) and four flavonoid aglycones (quercetin, naringenin, hesperetin, and chrysin). The selected compounds represented the entire range of major flavonoid polarities and structures.
As mentioned in the experimental section, the study of select NADES extraction parameters was performed using a model sample (mustard sample fortified with flavonoids) and a real sample (onion which contained flavonoids). The resulting dependencies in both cases were the same. The studied parameters affected recovery of analytes from the model samples in the same way as from real samples. Due to ease of presentation, in the following sections, fortified mustard sample results are discussed.
Effect of NADES Composition
Several NADES were tested under unchanged extraction conditions, such as solid to solvent ratio 3:1, extraction time 45 min, extraction temperature 60°C, and stirring speed 1400 rpm (Fig. 2 ). Significant differences in the extractability of flavonoids with tested NADES were reflected by UHPLC profiles and the calculated recovery of flavonoids.
High recovery of selected flavonoids was obtained using NADES based on lactic acid and acetylcholine chloride (NADES 8) or lactic acid and choline chloride (NADES 4). The lowest recovery was obtained using mixtures based on D,L-carnitine hydrochloride and citric acid (1:1) (NADES 14).
NADES properties, such as polarity and extraction affinity, can be modulated (to some extent) by changing the molar Fig. 3 Response surface plots of (A) extraction time (X 1 ) and temperature (X 2 ) at a constant stirring speed (X 3 ) of 768 rpm, (B) extraction time (X 1 ) and stirring speed (X 3 ) at a constant extraction temperature (X 2 ) of 45°C, and (C) extraction temperature (X 2 ) and stirring speed (X 3 ) at a constant time (X 1 ) of 39 min (for (1) rutin, (2) naringin, (3) hesperidin, (4) neohesperidin, (5) quercetin, (6) naringenin, (7) hesperetin, and (8) chrysin) ratios of their components. Therefore, NADES based on acetylcholine chloride/lactic acid and choline chloride/lactic acid ratios at different molar ratios were evaluated. In the case of NADES with choline chloride/lactic acid ratio, changes in molar ratios did not affect extraction efficiency significantly. More pronounced results were obtained for NADES including acetylcholine chloride and lactic acid (Fig. S1 ). An increase in the acetylcholine chloride content led to a higher extraction yield (mean recoveries 75.9% for molar ratio 1:1, 77.9% for molar ratio 1:2, 90.1% for molar ratio 2:1), especially for less polar flavonoids (e.g., chrysin). Hence, acetylcholine chloride/ lactic acid ratio (2:1) NADES was used as the extraction solvent for further studies.
The developed procedure for solid-liquid extraction with NADES (SLE-NADES) was compared with a conventional extraction technique based on shaking the sample with water and methanol at 60°C for 45 min at 1400 rpm. The proposed NADES approach improved the extraction efficiency of the target analytes compared to SLE for water and methanol extractions (Fig. S2) .
Ultrasound-assisted extraction with NADES (UAE-NADES), based on sonicating the sample with a mixture of acetylcholine chloride/lactic acid ratio (2:1), was also evaluated. The extraction efficiency of UAE-NADES was comparable to that provided by the conventional solid-liquid extraction procedure (Fig. S2) .
Effect of Water Content on NADES
The addition of water could lead to an effective decrease in the viscosity of NADES. So, NADES 8 including acetylcholine chloride and lactic acid (2:1) with different concentrations of water (10, 30, and 75%, w/w) was evaluated for extraction of flavonoids. An increase in water content to more than 10% increased flavonoid recovery. The best recoveries were observed for a 30% concentration of water in NADES. When the water content increases further (30-75%), extraction efficiencies of flavonoids markedly decreased (Fig. S3 ). Although addition of water effectively reduces viscosity, an excessively high water content negatively impacts interactions between NADES and target compounds and increases extraction media polarity. NADES with high water content provided better extraction efficiencies for polar compounds than for less polar compounds. Therefore, a concentration of 30% (v/v) water in NADES was selected as the optimal extraction system.
Effect of Liquid/Solid Ratio
To increase extraction efficiency and decrease solvent consumption, the liquid/solid ratio (from 1:1 to 5:1) was investigated (Fig. S4) . The effect of liquid/solid ratio on extraction efficiency showed a similar trend for all target compounds. Extraction efficiencies of target compounds increased with an increase in liquid/solid ratio from 1:1 to 3:1 (200:200 to 600:200 μL/mg). From 3:1-5:1 (600:200-1000:200 μL/mg), Fig. 4 The experimental data versus predicted data for extraction efficiency of rutin Anal. Methods (2018 ) 11:1330 -1344 no significant improvements were observed. A liquid/solid ratio of 600:200 μL/mg was thus sufficient to extract target compounds in the tested sample. Therefore, a liquid/solid ratio of 600:200 μL/mg was used for the rest of the study.
Effect of Time, Temperature, and Stirring Speed
In the next step, a rotational CCD was employed to further optimize the three significant factors. CCD is one of the most commonly used response surface designs and is constructed by superimposing several designs. The ranges of studied factors were the following: extraction temperature (X 1 ), 11-79°C; extraction time (X 2 ), 3-74 min; and stirring speed (X 3 ), 136-1400 rpm. Table 3 shows the design matrix which involved 18 randomized experiments and experimental responses (as extraction recovery). Measurement precision was estimated from the four replicates of the central point (relative standard deviations (%RSD) for all the total responses were less than 4.6%). Figure 3 displays the response surface plots for the recovery of target analytes estimated from the CCD for each pair of independent factors. Figure 3A shows the response surface developed for extraction temperature and time, while maintaining a stirring speed of 768 rpm; Fig. 3B shows the response surface obtained by plotting extraction temperature against stirring speed with the extraction time fixed at 39 min; and Fig. 3C shows the response surface obtained as a function of time and speed, for a temperature of 45°C. Increasing temperature is the easiest method for enhancing desorption and dissolution of secondary metabolites in extraction solvents. In addition, at higher temperatures, solvent viscosity decreases and diffusivity increases, accelerating release of secondary metabolites from the sample matrix to the solvent. Temperature was therefore evaluated for extraction. As seen in Fig. 3A , extraction efficiencies of compounds significantly changed with an increase in temperature. Extraction efficiencies markedly increased when temperature was raised from 40 to 60°C. However, extraction efficiencies slightly decreased with an increase in temperature from 60 to 79°C, possibly due to decomposition Fig. 7 Representative MRM chromatograms obtained for an extract of Lycium barbarum L. fruits after SLE-NADES using UHPLC-MS/MS at high temperatures. Thus, the extraction temperature (X 1 ) was set at 60°C.
It is necessary to select the proper extraction time to guarantee completion of extraction. As confirmed in Fig. 3A , C, longer extraction times tended to favor extraction of polyphenols.
In our study, stirring was used to increase extraction efficiency. The extraction efficiency stabilized when stirring speed (X 3 ) was 1400 rpm.
The significance of the factors was evaluated by analysis of variance (ANOVA). Table 4 shows the results of the full quadratic model analysis, which includes all the terms. It shows the main and quadratic terms of X 1 and X 2 were important for recovery rates of RUT, NARG, HSD, NHSD, QUE, NAR, and HST, while interaction effects were not significant. In contrast, interaction effects were significant for recovery rates of CHS. Based on the experimental data, the following optimal conditions were selected: an extraction time of 45 min, an extraction temperature of 60°C, and a stirring speed of 1400 rpm. The maximum spiked recovery estimated under the optimized conditions was in the range of 70.3 to 93.7%.
Data analysis gave a semi-empirical expression of extraction efficiency of flavonoids with the following equations: The plot of experimental values for extraction efficiency fit those calculated from equations well, as presented in Fig. 4 (for the example of rutin). As a result of the full factorial design, a Pareto chart was drawn for each studied flavonoid to visualize the estimated effects of the main variables and their interactions. Figure 5 shows the Pareto graphical analysis for rutin. The Pareto chart gives a graphical presentation of these effects and allows an assessment of both the magnitude and the importance of an effect. In these Pareto charts, the bars (variables) that graphically exceed the significance line exert a statistically significant influence on the obtained results. Based on these results (Table 4) , the following effects have a significant impact on extraction efficiency: for RUT: X 1 2 , X 2 , and X 2 2 ; for NARG: X 2 and X 2 2 ; for HSD: X 1 2 , X 2 , and X 2 2 ; for NHSD: X 2 , X 2 2 , X 1 X 2 , and X 1 X 3 ; for QUE: X 2 and X 2 2 ; for NAR: X 2 and X 2 2 ; for HST: X 2 2 ; and for CHS: X 1 2 , X 2 , X 2 2 , X 3 , X 3 2 , X 1 X 3 , and X 2 X 3 . The Pareto charts show that interaction effects were considered to ensure that all the combinations of factor levels were explored in the full factorial design to avoid important effects going undetected.
Method Validation
The limit of detection (LOD), limit of quantification (LOQ), linearity, determination coefficient (R 2 ), intraand inter-day precision and accuracy, and extraction recovery (ER%) were evaluated for the proposed method (Supplementary Material).
Application of the Developed Method to Real Samples
To show that the developed NADES-UHPLC-UV method is suitable for practical analyses, samples of fruits (cranberry, fruits of Lycium barbarum L., grape, plum, and orange peel), vegetables (onion and broccoli), and spices (mustard, rosemary, and black pepper) were analyzed (Table 5 ). Figure 6 shows an UHPLC-UV chromatogram of an extract of Lycium barbarum L. fruits. These chromatograms show that the peak of the analyte is free from interferences, demonstrating that the extraction procedure may be applicable to different samples. Additionally, the identity of the flavonoids in the samples was confirmed by UHPLC-MS/MS in MRM mode (Fig. 7) .
